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Abstract. Digital elevation models (DEMs) of ice sheets and ice caps are usually constructed
from elevation data acquired from airborne or satellite-borne altimetric systems.
Consequently, the DEMs have a spatial resolution of about 1 km which limits their use for
most glaciological and remote sensing studies. In this paper we investigated the possibility of
using a shape-from-shading technique, applied to a Landsat MSS image, to create a high
spatial resolution DEM of Austfonna, an ice cap in Svalbard. A high correlation (coefficient
of determination = 0.85) was observed between Landsat pixel brightness values, acquired
during winter, and the surface slope component parallel to the solar azimuth. This
relationship was used to create a DEM by calculating surface elevation profiles across the ice
cap, using low spatial resolution radio echo sounding data as tie points. The resulting DEM
had an estimated RMS error of about 14 m, with the error occurring mostly at low spatial

frequencies. Shape-from-shading produces less accurate DEMs than interferometric SAR
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(InSAR) techniques. Nevertheless, in scenarios for which InSAR can not be used to construct

a DEM, shape-from-shading provi‘des an acceptable alternative.

SHORT TITLE: DEM derived by shape-from-shading
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1. Introduction

Surface topography is a primary data source for most glaciological and remote sensing studies of
terrestrial polar ice masses (glaciers, ice caps and ice sheets). Surface morphology is used to
delineate drainage basins, study ice rheology and analyse the spatial distribution of surface features
(e.g. Drewry 1983, Dowdeswell 1986). Information on surface topography is also required to model
processes such as heat budget for climatological studies, ice dynamics and mass balance (e.g.
Huybrechts et al. 1991, Armold et al. 1996). Remotely sensed imagery acquired from side-looking
sensors are distorted by terrain effects. High spatial resolution digital elevation models (DEMs) are
needed to correct for this distortion and also to permit accurate geocoding (Johnsen et al. 1995).
DEMs provide detailed information about local slope and this is used to extract geophysical
parameters from remotely sensed data (e.g. Dozier and Warren 1982).

At the spatial scale of a glacier (area < 10% km?), stereographic aerial bhotography is used to
construct high spatial resolution DEMs. For example, Fox and Nuttall (1997) have presented a DEM
of Finsterwalderbreen, Svalbard, with a grid spacing of 25 m. At coarser spatial scales, DEMs are
constructed using altimetric data. Satellite stereographic methods, using SPOT or RADARSAT
image pairs, are not an option at these scales because the featureless terrain makes it difficult to match
pairs of imagery. For ice caps (107 km® < area < 10° km?) airborne radio echo sounding (RES)
techniques are normally used to construct DEMs (e.g. Dowdeswell et al. 1984), and for ice sheets
(area > 10° km2) satellite altimetry is used (e.g. Zwally et al. 1983, Bamber 1994). However, DEMs
derived from altimetric data typically have a grid spacing greater than 1 km which limits their
application. The aim of this paper was to create a high spatial resolution DEM of Austfonna, an ice

cap in the High Arctic. A shape-from-shading technique was applied to visible Landsat MSS imagery
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to construct high spatial resolution profiles of the surface. These profiles were constrained by low

spatial frequency RES elevation data to produce a new DEM.

2. Study area and data set

Austfonna is an ice cap on the island of Nordaustlandet, north-east Svalbard (figure 1). It extends
over an area of 8100 km” and is one of the largest ice caps in the Northern Hemisphere. In spring
1983 the Scott Polar Research Institute (SPRI) determined the surface and bedrock elevation of
Austfonna using airborne RES methods (Dowdeswell et al. 1986). These data were collected at
spatial intervals of about 100 m along flight lines on a 15 km grid (figure 2) and used here to create
an initial low spatial resolution DEM in order to constrain the high spatial resolution DEM.

Two cloud-free Landsat/MSS images of Nordaustlandet were analysed in this study, one acquired
in winter 1973 and the other in summer 1981 (figure 3). Both images were radiometrically corrected,
georeferenced to UTM zone 35 map coordinates using ground control points determined from a
topographic map of Nordaustlandet (Dowdeswell 1984), and resampled to a spatial resolution of 100

nm.

3. Gridding strategies

DEMs are constructed by gridding irregularly spaced surface elevation data onto a regularly
spaced lattice. This involves estimating the surface elevation at each grid point, based on a function
derived from values observed at arbitrary locations. Initially, we constructed a DEM of Austfonna by
gridding the RES surface elevation using a minimal squared curvature function (Smith and Wessel
1990), but the grid spacing of the derived DEM was limited by the spatial density of the RES data. It

is estimated, based on the geometric mean of the along and across-track resolutions, that the
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minimum reasonable grid spacing of the DEM is 1 km. In theory, it is possible to improve the spatial
resolution of this DEM by merging the RES data with an alternative data set that contains topographic
information. Two merging techniques that can be used are interferometric SAR (InSAR) and shape-

from-shading.

3.1. Interferometric SAR

The application of InSAR for producing DEMs of terrestrial ice masses has been the focus of
considerable recent research (e.g. Kwok and Fahnestock 1996, Joughin et al. 1996). Joughin (1995)
has shown that InSAR-derived DEMs, created using a method of double-differencing, have relative
errors approaching 2 m. More recently, Unwin and Wingham (1997) have used these techniques
combined with RES data to create a DEM of the central part of Austfonna that has an accuracy of
about 8 m. Although InSAR is extremely promising, currently it is not practical for constructing
DEMs of large Arctic ice masses. The technique requires several highly correlated SAR images but
these are often difficult to acquire because backscatter is affected by weather-induced changes in the
surface conditions. In addition, streak-noise in interferograms of ice sheets limits the accuracy of the

derived DEMs (Joughin 1995).

3.2. Shape-from-shading

Shape-from-shading exploits the relationship between surface slope and brightness (in optical
imagery) or backscatter (in radar imagery) to extract surface topography. Previous studies have noted
that remotely sensed optical imagery of terrain covered with snow and ice contains topographic
information (Dowdeswell and McIntyre 1987, Stephenson and Zwally 1989), and Rees and

Dowdeswell (1988) demonstrated a linear relationship between Landsat MSS brightness values and
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local slope. Cooper (1994) exploited this relationship by devising a shape-from-shading algorithm to
produce a topographic map from a SPOT image, but the algorithm lacked tie points and the accuracy
of the map was not demonstrated. Fiksel e al. (1994) applied shape-from-shading to SAR imagery
over Antarctica, but their techniques are not transferable to the Arctic because the effects of melting
obscure topographic signals in SAR backscatter images.

Most shape-from-shading algorithms assume that a surface has Lambertian scattering properties.

Therefore, the image brightness (pixel value) is described by the general equation (Cooper 1994):

(D

where o, § and y are the Cartesian components of the unit vector in the direction of solar

illumination; x, y and z are Cartesian coordinates of the surface with x and y in the horizontal plane
and z vertical; Iy is the image brightness for a normally-illuminated pixel.
Two simplifications are made to equation 1. The first is to assume that slopes are small, such

that:

dz 2 dz 2~
(932) +(;;) =! @

For polar ice caps where surface slopes are typically less than 3°, this assumption holds. The
second simplification is to choose a Cartesian coordinate system in which x is aligned to the solar
azimuth, such that § = 0. This change in the coordinate system and substitution of equation 2 into

equation 1 gives:

Ix) = « + ¥y, (3)

,02
dx
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where 0" = aly and Yy = yl).

This equation was validated for Austfonna by plotting surface slopes along transects parallel to
the solar azimuth against Landsat MSS pixel brightness values. The slopes are calculated using the
DEM derived from RES data, gridded using a minimum curvature algorithm. Figure 4 shows that
there is a high correlation (r* = 0.84) between surface slope and brightness values in the winter, but no
correlation in the summer. The straight line equation that best fits the winter Landsat data is given

by: I{x) = 1.728 oz/6x+ 17.24. For large negative slopes the data deviate from the straight line. This

i1s because the transect passes across a drainage basin that has undergone past surge activity
(Dowdeswell and Mclntyre 1987) resulting in large scale (3-4 km) surface roughness patterns that are
not resolved by the DEM. The calculated RMS uncertainty in the surface slope is 0.82° which
represents the intrinsic accuracy of the shape-from-shading technique when applied to winter Landsat
MSS imagery. This uncertainty is caused by variations in the bi-directional reflectance distribution
function (BRDF) resulting from variations in the snow surface properties, such as grain size and

surface roughness (e.g. sastrugi and crevasses).

4. Method
4.1. Implementation of shape-from-shading
Surface elevation, z, along a transect parallel to the solar azimuth is obtained by integrating

equation 3:

= Lfiwa - L2 4 c, )
aﬂ
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where x is along-transect distance and C is the constant of integration. In discrete form, this is written
as:
(i) = azi:I(n) + bi + c, ()
n=0
where a = p/a’, b =-ypla’, c = C and i = xp; p is the distance between pixels. Alternatively, this
may be expressed in matrix notation as:

z = A-Xx (6)
where z is a vector of surface elevation tie points, A is a matrix of the sum of brightness values and
pixel distance along-transect, and x is a vector of coefficients. If surface elevation is known for at
least three positions, equation 6 can be solved using standard numerical techniques (e.g. Press et al.
1992) and subsequently used to evaluate surface elevation at every point along a transect. For
example, if surface elevation, z, is known at three positions i = 1, 2 and 3 along-transect, the

parameters in equation 6 can be expressed as:

z(i}) 22=01(n) i1 pla’
z=|2G,)|, A=| > In) i, 1|, x=|-ypla’|.
2(i5) 3o 1w iy 1 ¢

Several algorithms were tested for calculating along-transect elevation and it was concluded that a
piecewise algorithm is most accurate. The algorithm we choose to adopt is as follows:
e solve x (equation 6) using the first three tie points along a transect,
e calculate surface elevation between the start of the transect and the second tie point,
e solve x using the second, third and fourth tie points,
e calculate elevation between the second and third tie points,

e repeat the process until the end of the transect is reached.
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A drawback of using just three tie points at a time is that the set of equations, described by
equation 6, can become close to singular. To minimise this effect, we have solved the equations
using the method of singular value decomposition. Nevertheless, the effect of singularity can
occasionally cause discontinuities at tie-points, resulting in large deviations (> 30 m) as illustrated in
figure 5. Although the use of more than three tie points would reduce this problem, the solution to x
would be less representative of the local slope; for this reason we opted to use three tie and

acknowledge that large errors can occasionally result.

4.2. Construction of the DEM

A new high spatial resolution DEM of Austfonna is constructed by using shape-from-shading
applied to a winter Landsat MSS constrained with RES surface elevation data. To achieve this, a
total of 2000 brightness value profiles were extracted from the band 4 winter Landsat MSS image.
Each profile was along a transect running parallel to the solar azimuth, and the profiles were
separated by one pixel (100 m) in the east-west direction. At each crossover between a transect and
RES flight line, the interpolated RES surface elevation and the distance along transect were recorded
and used to construct matrix A (equation 6). These crossovers were used as tie points to determine
along-transect elevations, as outlined in the previous section. In this way, surface elevation was
calculated at every pixel within the Landsat MSS image and used to produee a DEM with a grid

spacing of 100 m.

5. Results
Figure 6 shows the DEM of Austfonna derived from shape-from-shading of a Landsat MSS image

constrained with RES surface elevation data. Comparison with Dowdeswell’s original topographic
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map (Dowdeswell 1984) illustrates no major problems with this gridding method. The summits of
Austfonna and Sgrfonna are easily identifiable in the DEM and the shapes of the contours are similar
to those on the topographic map.

Error in the DEM is evaluated by calculating the difference between the RES tie points and the
corresponding heights in the DEM (determined with a bilinear interpolator). A RMS error of 13.6 m
is calculated for a total of 18594 tie points. This error is associated with the algorithm used to
constrain the shape-from-shading derived elevations with the RES data. Calculation of the Fourier
transform of the errors for 512 RES tie points along a 66 km flight line (figure 7) shows that the error
mostly occurs at spatial frequencies of less than 1.5 km™ (A > 670 m).

The accuracy of the DEM was checked further by calculating semivariograms for linear transects
of the surface. Previous analyses of the surface of Nordaustlandet (Rees 1992, 1995) have shown that
for spatial scales & between 100 m and 10 km, the surface is characterised by a semivariance Y that is
given by:

y o &M,
The constant m is typically between 1.6 and 1.8. However, for a DEM derived by linear or bilinear
interpolation the value of m would tend to 2 for small values of 8. Analysis of the DEM described in
this paper gives values of m lying between 1.69 + 0.04 and 1.83 * 0.04, depending on the orientation
of the transect. These values of m are consistent with previous analyses and are significantly different
from the results of linear or bilinear interpolation. The values of v, calculated for a scale of 1 km, are

between 90 and 160 m? again depending on the orientation of the transect. These values are

consistent with the value of 100 m” estimated from the data presented by Rees (1992, 1995).
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6. Conclusions

In this paper a shape-from-shading algorithm, constrained with RES elevation data, has been used
to construct a high spatial resolution DEM of Austfonna. We have shown that pixel brightness values
in a winter visible satellite image have a high correlation with surface slopes (* = 0.85). Moreover, a
simple shape-from-shading model applied to visible satellite imagery may be used to estimate local
surface slope to an accuracy of + 0.8° and this is implemented to create a new high spatial resolution
DEM of Austfonna. The estimated RMS error in the DEM is 13.6 m and potentially a fine grid
spacing, depending on the satellite sensor, can be achieved. This error results from the algorithm
used to solve the equations for along-transect surface elevation. Implementation of the shape-from-
shading technique would therefore benefit from the use of a more sophisticated inversion algorithm.
A further refinement to the technique would involve use of a second winter visible image acquired at
a different time of day. Two images with different solar azimuths provide different surface slope
information and could potentiaily improve the detail of the DEM.

Using InSAR techniques to derive a DEM of the central part of Austfonna, Unwin and Wingham
(1997) have shown that it is possible to create a DEM with an RMS error of 8 m and a spatial
resolution of 40 m. Other work (e.g. Joughin 1995) has shown that InSAR is capable of accuracies of
2 m. Clearly, InSAR is a superior technique to shape-from-shading for constructing DEMs of Arctic
ice caps and ice sheets. With the availability of ERS-1/ERS-2 tandom mission and Radarsat SAR
imagery, ERS-1/ERS-2 radar altimetric data and proposed future laser altimetric data, it is likely that
the production of ice cap and ice sheet DEMs is best achieved using InNSAR. However, when this
technique fails to perform, either because there is no available imagery or unacceptable streak noise,

shape-from-shading provides a potential alternative.
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Figures

Figure 1. Map of the Svalbard archipelago showing the main islands. The inset illustrates the

position of Svalbard within the European Arctic sector.

Figure 2. Aircraft flight lines for radio echo sounding over Austfonna in spring 1983.

Figure 3. Grey-scaled Landsat MSS band 6 images of Austfonna projected onto UTM zone 35

coordinates. The images were acquired 25th March 1973 (top) and 1st August 1981 (bottom).

Figure 4. Scatterplots of Landsat MSS pixel brightness values and surface slope for (a) winter imagery
and (b) summer imagery. There is a high correlation (> = 0.84) between brightness values and

surface slope in winter and no correlation during summer.

Figure 5. Surface elevation along a profile passing across the centre of Austfonna and parallel to the
solar azimuth. RES tie-points are represented by circles, interpolated surface elevation calculated
by a minimal squared curvature function is represented by the dotted line and shape-from-shading
derived surface elevation is represented by the solid line. Deviation of the shape-from-shading
profile from the RES tie-points is a product of the inversion algorithm and is occasionally greater

than 20 m.

Figure 6. DEM of Austfonna derived from RES data gridded using shape-from-shading.



16 Bingham & Rees: DEM derived by shape-from-shading

Figure 7. Fourier transform of the errors in the shape-from-shading DEM.
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